Species abundance in local communities is determined by bottom-up and top-down processes, which can act directly and indirectly on the focal species. Studies examining these effects simultaneously are rare. Here we explore the direct top-down and direct and indirect bottom-up forces regulating the abundance and predation success of an intermediate predator, the webbuilding spider Argiope bruennichi (Araneae: Araneidae). We manipulated plant diversity (2, 6, 12 or 20 sown species) in 9 wildflower strips in a region of intensive farmland. To identify the major factors regulating the distribution and abundance of A. bruennichi, we quantified three characteristics of vegetation (species diversity, composition and vegetation structure) as well as the spider's prey community and natural enemies. The distribution and abundance of A. bruennichi was regulated by combined bottom-up and top-down processes as well as by direct and indirect interactions between trophic levels. Four main factors were identified: (1) the strong direct effect of vegetation structure, (2) the positive effect of plant species diversity, which affected spider abundance directly and indirectly through increased densities and size of flower-visiting prey species, (3) the positive or negative direct effects of different plant species, and (4) the strongly negative direct effect of predacious hornets. The advantage of taking a global approach to understand the regulation of species abundance is highlighted first by the quantification of the relative importance of factors, with a surprisingly strong effect of hornet predators, and second by the discovery of a direct effect of plant diversity, which raises intriguing questions about habitat selection by this spider.
Introduction
Trophic regulation by either resources (bottom-up) or natural enemies (top-down) is a prime determinant of community structure (Hunter and Price 1992) . Species abundance in local communities is the result of a combination of bottom-up and top-down forces, however studies considering both effects simultaneously are much rarer than those focussing on a single direction (Walker and Jones 2001) . For example, spider abundance is often seen as bottom-up regulated by prey availability (e.g., Greenstone 1984; Halaj, Ross, & Moldenke 1998; Harwood, Sunderland, & Symondson 2001) , or in the specific case of web-building spiders by the physical structure of the vegetation (Halaj et al. 1998; McNett and Rypstra 2000; Pearson 2009; Rypstra and Carter 1995; Sanders, Nickel, Grutzner, & Platner 2008; Topping and Lövei 1997) . Spiders are also preyed upon by a variety of natural enemies (Foelix 2010) , but surprisingly the contribution of top-down processes to their regulation has rarely been assessed (e.g., Askenmo, von Broemssen, Eckman, & Jansson 1977; Spiller and Schoener 1994) .
The structure of the vegetation directly affects the distribution and abundance of web spiders. Other characteristics of plant communities, such as species diversity or plant composition, may also play a role but have been less well investigated. These characteristics may affect spider communities directly or indirectly via an influence on the prey community. Indirect interactions are likely, since it is well known that plant species diversity (Siemann, Tilman, Haarstad, & Ritchie 1998) and plant composition (Schaffers, Raemakers, Sykora, & Ter Braak 2008) affect insects, the main prey of spiders.
In this study, we investigated bottom-up and top-down forces regulating the abundance and predation success of an intermediate predator, the orb-web spider Argiope bruennichi (Scopoli). This species is a generalist predator that mostly captures diurnal insects, and which can play an important role in natural pest control (Nyffeler and Benz 1981; Rypstra and Carter 1995) . It is very common in southern Europe and has been expanding northward in recent decades (Kumschick, Fronzek, Entling, & Nentwig 2011) . Most studies on A. bruennichi examined its behaviour (e.g., Moon, 2012; Walter, Westphal, Bliss, & Moritz 2011; Welke & Schneider 2010; Zimmer, Welke, & Schneider 2012) orits dietary biology (e.g., Ludy, 2007; Malt 1994; Nyffeler & Benz 1978; Prokop & Gryglakova 2005) . However, few -if any -have considered how it is embedded in ecological networks and how its abundance is affected by biotic interac-tions. We studied A. bruennichi in wildflower strips within an agricultural landscape in Switzerland. We manipulated plant diversity and plant composition in these semi-natural habi-tats and identified the natural prey and predator community of A. bruennichi in order to determine the major bottom-up and top-down forces shaping this system. We evaluated the presence of natural enemies, the abundance of potential prey, and three characteristics of the vegetation (i.e., species diver-sity, plant composition and vegetation structure) to answer the following questions: (1) Does vegetation affect the predation success of A. bruennichi? (2) Is the abundance of A. bruennichi mediated by bottom-up and/or top-down processes? (3) Do these bottom-up and top-down processes act directly and/or indirectly? (4) What is the relative importance of these interactions?
Materials and methods

Study site and experimental design
To investigate interactions in the food web centred on A. bruennichi, experimental wildflower strips were used, established for the purpose of a larger research project to better understand the structure and functioning of metacommunities (see Appendix A). The 12 wildflower strips, each of 648 m 2 (9 m × 72mor6m× 108 m), were planted in spring 2007 within an intensively managed agricultural landscape in the lowlands of western Switzerland. Each wildflower strip was subdivided into three blocks, each of area 216 m 2 . The blocks consisted of the same repetition of four plant diversity lev-els (2, 6, 12, 20 sown species) arranged in plots of 6 by 9 m (Appendix A, Fig. A1 ). Plant species composition in each plant diversity plot was chosen by constrained random draw from a pool of 20 plant species (Appendix A, Table A1 ), and the order of the plots was randomly chosen in each wildflower strip. The experimental plots were not weeded, with the exception of the two agricultural weeds Cirsium arvense and Rumex obtusifolius. In addition, Chenopodium album and Amaranthus retroflexus were removed in the first year in order to prevent light competition during germination.
Sampling of fauna and flora
A. bruennichi. Males are much smaller and of shorter lifetime than females and rarely build webs when adult (Merrett 1968) , so only adult females were considered in this study. Webs were recorded in nine of the twelve wildflower strips in 2008 and 2009 from late July to early August, in a randomly chosen order. Sampling took place on sunny and calm days, from 10 am until 6 pm, along a 6 m transect to a width of 50 cm on each side, ignoring those webs built directly along the central 30 cm wide path. For each plot, the presence/absence and the abundance of A. bruennichi (measured as the number of occupied webs) was recorded. The identity of support plants (only in 2009) as well as the number and identity of wrapped prey were recorded for each web. All prey species were collected from the webs for subsequent determination to the order level. If the prey was intact, its volume was estimated from body width and length, using the equation for a prolate spheroid (Hofer, Bauer, & Bersier 2003) . Predation success was described at the plot level by the trapping efficiency, calculated as the proportion of webs containing prey, and at the web level by the volume of the largest prey.
Vegetation. Sampling of the vegetation in the 12 strips took place in 2008 and 2009 between July and October. In all plots the total number of plant species was determined and their individual percentage cover estimated visually. The total number of plant species in the plots ranged from 6 to 42 in 2008, and from 7 to 35 in 2009. Three characteristics of the vegetation were used in the analyses: species diversity, composition and vegetation structure. Species diversity was expressed as the effective number of species (Jost 2006) . This value represents species richness corrected by relative abundance (here cover). Note that the effective number of plant species was strongly correlated with the number of species sown in a plot (Spearman r = 0.49, P ≤ 0.001). The effect of plant composition was taken into account in two ways. First, as the log transformed cover of two species disproportionately chosen for web construction (Malva moschata and Malva sylvestris pooled) and one dispropor-tionately avoided species (Dipsacus fullonum)(Appendix A, Fig. A2 ). Second, for the path analysis (see below), as the score of each plot on the first axis of an ordination based on global plant species composition (Fabian et al. 2012; Kahmen et al. 2005) . We used a Correspondence Analysis (CA) on log-transformed plant covers, using the package vegan (Oksanen et al. 2010 ) inR(R Development Core Team 2009). The variance explained by the first CA axis was low (8%), which reflects the heterogeneity in species composition, but is also a consequence of the large number of plots (n = 288 for this analysis). Potential prey. In our system, the large majority of prey were pollinators (see Table A2 in Appendix A). Consequently, we estimated the availability of prey by recording insects visiting flowers. This was performed in a subset of six wildflower strips in early August 2008 and 2009, on calm and sunny days between 10:00 and 16:00. In each plot, insects were counted during 15 min in two randomly positioned 1 m × 1 m plastic frames. All observed individuals (>3 mm in body length) were identified visually at the order level. Potential prey was measured as the total abundance of pollinators in each plot.
Predators. Predators of A. bruennichi were investigated by direct observations. A single predator, the European hornet Vespa crabro L. (Hymenoptera: Vespidae) was detected, easily identified by its characteristic signs of predation (see 'Results' section). Due to their large foraging range, the presence or absence of hornets was recorded at the strip level.
Analyses of A. bruennichi's predation success
At the plot level, a generalized linear mixed effect model with binomial family and logit link function (function glmer of package lme4 in R; Bates and Maechler 2009) was used to investigate the influence of five vegetation characteristics (effective number of species, Malva and Dipsacus cover, vegetation height and biomass) and of the abundance of potential prey species on the trapping efficiency of A. bruennichi. This was performed for the 178 plots where A. bruennichi was present. In all analyses using mixed effect models, we used as random factor "block" nested within "wildflower strip", nested within "year". We chose this design because the values of all explanatory variables considerably changed from year 2008 to year 2009 (the data do not conform to a standard repeated measures design). Also, as the models with random intercept and random slope often failed to reach convergence, models with random intercept only were used.
At the web level, a linear mixed effect model with Gaussian family and identity link (function lme of package nlme in R; Pinheiro, Bates, DebRoy, Sarkar, & The R Core Team 2008), with the dependent variable Box-Cox-transformed (Legendre and Legendre 1998) , was used to explore the influence of vegetation on the volume of the largest prey. As the latter variable was measured for each web, the plot was added as a random factor nested within "block".
Analyses of individual bottom-up and top-down effects on A. bruennichi
Vegetation. We explored how the three characteristics of vegetation explain the presence/absence and the abundance of A. bruennichi in the 216 plots, with generalized linear mixed-effect models (Zuur, Ieno, Walker, Saveliev, & Smith 2009 ). To select the best model with regard to the fixed effects, we started with a "full" model, which included all five veg-etation explanatory variables and their pairwise interactions (higher order interactions were not tested). Variables least affecting the AIC of the model were removed in turn. Once the best model was found, its parameters were estimated with restricted maximum likelihood. Validity of the statistical models was evaluated by visual inspection of the residuals in QQ-plots, and dependent variables were transformed if necessary. For the abundance of A. bruennichi, a linear mixed effect model with Gaussian family and identity link was used (function lme of package nlme in R; Pinheiro et al. 2008) , with the dependent variable Box-Cox transformed (Legendre and Legendre 1998) . Note that plots without spiders (38 out of 216 plots) were excluded from this analysis. Presence/absence of A. bruennichi was analysed with a generalized linear mixed effect model with binomial family and logit link function (function glmer of package lme4 in R; Bates and Maechler 2009) .
Potential prey. The effect of the total abundance of potential prey on the presence/absence and abundance of A. bruennichi was evaluated as above (no model selection was necessary here). This analysis was performed in the four strips (total of 96 plots) where both prey and spiders had been sampled. The total abundance of potential prey was also analysed as a dependent variable to explore the relationships with the characteristics of the vegetation, using the same approach as above.
Predators. With the presence of hornets measured at the strip level, the proportional change in the number of spider webs was calculated between 2008 and 2009 for each wildflower s trip. T he n ine w ildflower st rips we re assigned to one of four categories: no hornets present in both years (="0 → 0", n = 5); hornets present in both years (="1 → 1", n = 1); hornets only present in 2009 (="0 → 1", n = 2); and hornets only present in 2008 (="1 → 0", n = 1). The effect of the presence of hornets on the proportional change (measured as log 2 of the number of webs in 2009 divided by the number of webs in 2008) in abundance of A. bruennichi webs was tested by comparing the categories 0 → 0 and 1 → 1 (no change) vs. 0 → 1 using the one-sided Wilcoxon test.
Analyses of the organization of bottom-up and top-down effects
The relative importance of the explanatory variables (plant species diversity, plant composition, vegetation structure, abundance of potential prey and presence of predators) on the abundance of A. bruennichi was evaluated within the subset of wildflower strips for which all information was available (n = 96, with 92 plots where A. bruennichi was present). As customarily achieved with path analysis, the aim was to obtain a global view of the factors affecting spider abundance, and to identify direct and indirect interactions. However, given the structure of our experiment with nested random factors, we used a linear mixed effect model (of Gaussian family and random factors as above) after having standardized all variables. Standardization renders the variables dimensionless, and thus the slopes of the linear model can be compared and used as measure of the importance of the "causal" paths. For both plant composition and vegetation structure, a summary variable computed by ordination was used (1st CA and PCA axis, respectively). In this way, all five components were represented by single variables in this global a priori model.
Results
The Table A2 ) and the vast majority (95%) were pollinators. The prey community was mostly composed of dipterans (2008: 45%, 2009: 26%) and hymenopterans (2008 and 2009: 35%) . About 50% of hymenopterans belonged to the family Apidae.
Plant species were not used as support for webs in proportion to their percentage cover (Appendix A, Fig. A2 ) (χ 2 test, P 0.001). Two plant species stood out: webs of A. bruennichi were disproportionately more often attached to Malva sp. (odds ratio 1.72), and less frequently to D. fullonum (odds ratio 0.32) than would follow from their density. The percentage covers of these two species were considered as explanatory variables in subsequent analyses describing the effect of plant species composition.
A. bruennichi predation success
In 2008, an average of 1.63 ± 1.04 (mean ± s.d.) prey individuals were found per web, while in 2009 this value dropped to 1.49 ± 0.85 (mixed effect model with Poisson distribution: effect of year = −0.29, z = −5.34, P ≤ <0.001). Up to eight prey items were found per web, but 56% and 64% of webs contained no prey in 2008 and 2009, respectively (G-test of independence, P < 0.001).
Trapping efficiency was not significantly influenced by the abundance of potential prey, but was affected by vegetation variables. The proportion of webs with prey was higher in plots with tall vegetation (slope = 0.18, z = 3.01; P = 0.003) and decreased where Malva was abundant (slope = −0.14, z = −2.60; P = 0.010). Plant diversity had an effect on trapping efficiency in conjunction with vegetation biomass: it was positive for low vegetation biomass, but disappeared with high biomass (slope of interaction = −0.09, z = −2.04; P = 0.041). It is interesting to note that trapping efficiency was negatively correlated with spider density (Pearson r = −0.26, t = −3.59, P < 0.001).
Prey items were significantly larger for webs in plots with higher plant diversity (d.f. = 881; slope = 0.286, t = 2.137, P = 0.033), while in plots with high densities of Malva, significantly smaller prey were trapped (estimate = -0.322, t = -2.278, P = 0.023). The structure of the vegetation did not affect prey size.
Individual bottom-up and top-down effects on A. bruennichi
Vegetation. The presence or absence of A. bruennichi was influenced by plant species diversity, composition and vegetation structure (Table 1 ). Plant species diversity had a significant positive effect and plots with a higher cover of Malva tended to harbour spiders more frequently. However, the height of the vegetation had a negative effect on the presence of A. bruennichi. Significant interactions between explanatory variables revealed that (1) high vegetation biomass decreased the negative effect of vegetation height, (2) the abundance of Malva reinforced the negative effect of vegetation height, and (3) vegetation biomass reduced the positive effect of Malva.
When considering A. bruennichi abundance, the only significant direct effect was that fewer webs were found in plots with high abundance of Dipsacus (Table 1) . Although main effects of Malva and of vegetation height were not significant here, they were of the same sign as those for A. bruennichi presence/absence. Potential prey. There was a significant positive relationship between potential prey abundance and the presence/absence of the spider (mixed effect model with binomial response: slope = 0.98, z = 2.70; P = 0.007). The effect on spider abundance was also positive, but not significant (slope = 0.12, z = 0.69; P = 0.494).
Plant diversity was the only significant factor affecting the abundance of potential prey (slope = 0.45, t = 2.36, P = 0.02), while vegetation structure (height: slope = 0.07, t = 0.28, P = 0.782; biomass: slope = −0.23, t = −0.93, P = 0.353) and the abundance of Malva (slope = 0.18, t = 0.99, P = 0.327) and Dipsacus (slope = −0.31, t = −1.57, P = 0.119) had no significant effects. 
Predators. The European hornet
Organization of bottom-up and top-down effects
The individual bottom-up and top-down effects on A. bruennichi were largely confirmed by our global a priori model (Fig. 2) . The strongest numerical effect was that of hornets, followed by vegetation structure, prey community and plant species diversity. With the presence of hornets a marked decrease in spider abundance was observed. Vegetation structure directly affected spider abundance and, as would be expected, the availability of prey directly increased the abundance of A. bruennichi. Plant species diversity had a direct as well as an indirect effect on the abundance of A. bruennichi, by increasing both spider and prey abundance. However, plant composition had neither a direct effect on spiders nor an indirect on prey in our path analysis.
Discussion
Bottom-up and top-down processes as well as direct and indirect interactions regulate the abundance of A. bruennichi. Among the web of interactions found to affect A. bruennichi, three factors stood out: the strong negative effect of predatory hornets; the strong direct effect of vegetation structure; and the positive effect of plant species diversity, which affected spider abundance directly and indirectly via potential prey. The latter chain of interaction was expected; however, a direct effect of plant diversity raises interesting questions.
Predation success
Pollinators, mostly bees, flies and wasps, are the major prey of A. bruennichi in our system, which is in line with previous observations (Nyffeler and Benz 1989) . Orthopterans, which have sometimes been considered to be an important prey of A. bruennichi (Malt 1994) , were rare in our wildflower strips, probably because they are infrequent in the Fig. 2 . Relative importance of direct bottom-up and top-down effects (black arrows) on the abundance of the web-building spider A. bruennichi in 96 plots. "Hornet" was measured as presence/absence; "Diversity" is the effective number of plant species; "Plant composition" is the score of the first CA axis based on the cover of each plant species for each plot; "Structure" is the score of the first PCA axis based on vegetation height and biomass for each plot. Values indicate estimates of standardized slopes, with Pvalues (italic) obtained from linear mixed effect models (note that we provide no P-value for the hornet effect because of the strong spatial autocorrelation within strips). White arrows indicate correlations (Pearson r, P-value in italic) between the different measurements of the plant community.
surrounding matrix of extensive agriculture. We found a negative density-dependent effect of A. bruennichi abundance on the number of prey trapped per web. Despite the high abundance of pollinators in wildflower strips (Haaland, Naisbit, & Bersier 2011) , prey may become a limiting resource for A. bruennichi. In this competition for resources, plant species diversity may become a key factor, since both the abundance of potential prey and prey size increase with plant diversity.
Bottom-up effects
We observed a tight interaction between vegetation variables and A. bruennichi abundance. Vegetation structure was, compared to plant species diversity or plant composition, a better variable to predict the distribution of the spider. As found by Sanders et al. (2008) , vegetation height negatively affected the presence of A. bruennichi. The importance of vegetation structure for spiders (McNett and Rypstra 2000; Rypstra and Carter 1995) as well as for arthropods in general (e.g., Perner et al. 2005 ) is well supported. Despite the interest in the relationship between spiders and vegetation structure, few studies have analysed whether this interaction was direct or indirect, acting through its influence on prey communities (Pearson 2009 ). Here, we found that vegetation structure significantly influenced spider abundance once all other measured variables had been accounted for, but no evidence of an indirect link was detected.
Plant composition had a strong effect on A. bruennichi in our individual analyses of bottom-up and top-down effects. Whereas the presence of Malva increased the abundance of our spider, Dipsacus negatively affected A. bruennichi. This is in line with other studies showing that plant composition affects the abundance of spiders (e.g., Pearson 2009; Schaffers et al. 2008 ). However, plant composition for the abundance of A. bruennichi was not anymore a significant factor in our global path analysis. Here, rather than concentrating on two key plant species, we summarized the overall plant species composition with an ordination method. This discrepancy might consequently be explained by the low variability in overall composition among wildflower strips.
The effect of plant species diversity could be decomposed into a direct and an indirect component, the latter through an increase in both the abundance of potential prey and prey size. Several biodiversity studies have observed a positive relationship between plant diversity and total predator abundance (Haddad et al. 2009; Haddad, Tilman, Haarstad, Ritchie, & Knops 2001; Wenninger and Inouye 2008) . For spiders, however, the relationship is less clear since positive and negative (Koricheva, Mulder, Schmid, Joshi, & Huss-Danell 2000) interactions have been reported. An indirect effect of plant diversity on A. bruennichi is expected, as pollinators -the main prey in our system -are attracted to pollen and nectar rich habitats (Ghazoul 2006; Haaland et al. 2011) . Interestingly, our experiment also revealed a direct effect of plant diversity. Three hypotheses have been suggested to explain direct effects of plant diversity on predator diversity (Siemann et al. 1998 ), all of which might also apply to predator abundance. First, additional resources from a variety of plants may directly increase predator abundance (e.g., pollen and nectar for parasitoids, syrphids, or salticids). However, this is not likely to be the case for web-building spiders. Second, the effect may be apparent through a change in the interaction between pollinators and predators in more diverse habitats, for example if a change in the behaviour of pollinators makes them more easily trapped, irrespective of their abundance. Third, some form of habitat selection on the basis of plant diversity by predators may be a simple and widespread cause for such a direct effect. If predators select habitats with high plant diversity because they generally harbour more prey, a direct effect between plant and predator will be detected when plant diversity and prey abundance are not perfectly correlated. However, habitats may also be selected by spiders for reasons other than prey abundance, for example to enhance trapping efficiency, to obtain protection from predators (Price et al. 1980) , or to avoid the negative effect of meteorological conditions (Enders 1975) . In any case, the observed direct link between plant diversity and A. bruennichi abundance raises questions about plant diversity serving as a cue for habitat selection.
Top-down effects
The drastic reduction in spider abundance in wildflower strips where hornets were present emphasises that top-down forces are a key factor determining A. bruennichi abundance. Even though this effect has a weak statistical significance (due to low sample size at the strip level), we have clear evidence that hornets can have a strong numerical effect. Compared to the bottom-up effects of plants, this factor is, however, not predictable for spiders, since they select their habitat in spring, several months before the main flight period of hornets (late July to August). A. bruennichi, like several other webbuilding spider species, can add secondary structures in the form of irregular tangles of non-sticky silk threads, known as barrier webs, on the plants surrounding their primary web to prevent attacks by predators (Lubin 1975 ). In our system, such an antipredator measure was commonly observed in one wildflower strip with the strongest predation pressure by hornets in 2009.
Conclusions
The significant impacts of vegetation characteristics, of prey and of hornets on this intermediate predator support the hypothesis that population abundance of A. bruennichi is mediated by both bottom-up and top-down forces. The importance of this combined trophic regulation has been invoked in several models of community organization (Elmhagen and Rushton 2007; Hunter and Price 1992; Oksanen, Fretwell, Arruda, & Niemela 1981) . For arthropods, the two modes have been investigated mostly for herbivores (e.g., Cornelissen and Stiling 2009; Denno et al. 2002; Stiling and Rossi 1997) , and in a variety of contexts: the importance of seasonality (Gratton and Denno 2003) , of spatial variation (Denno, Lewis, & Gratton 2005; Hoekman 2011 ), or of temperature (Hoekman 2010) . More rarely have predatory species been the focus of such research (e.g., Spiller and Schoener 1994) , and not within the context of a biodiversity experiment. By quantifying the relative importance of intervening factors, our global approach highlights two non-intuitive results calling for further scrutiny: that spiders, typically studied in their role as predators, are themselves strongly regulated by predation, and that they may respond directly to plant diversity, two questions amenable to manipulative field experiments.
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